Kwok W, Lee SH, Culberson C, Korneszczuk K, Clemens MG. Caveolin-1 mediates endotoxin inhibition of endothelin-1-induced endothelial nitric oxide synthase activity in liver sinusoidal endothelial cells. Am J Physiol Gastrointest Liver Physiol 297: G930 -G939, 2009. First published July 16, 2009 doi:10.1152/ajpgi.00106.2009.-Endothelin-1 (ET-1) plays a key role in the regulation of endothelial nitric oxide synthase (eNOS) activation in liver sinusoidal endothelial cells (LSECs). In the presence of endotoxin, an increase in caveolin-1 (Cav-1) expression impairs ET-1/eNOS signaling; however, the molecular mechanism is unknown. The objective of this study was to investigate the molecular mechanism of Cav-1 in the regulation of LPS suppression of ET-1-mediated eNOS activation in LSECs by examining the effect of caveolae disruption using methyl-␤-cyclodextrin (CD) and filipin. Treatment with 5 mM CD for 30 min increased eNOS activity (ϩ255%, P Ͻ 0.05). A dose (0.25 g/ml) of filipin for 30 min produced a similar effect (ϩ111%, P Ͻ 0.05). CD induced the perinuclear localization of Cav-1 and eNOS and stimulated NO production in the same region. Readdition of 0.5 mM cholesterol to saturate CD reversed these effects. Both the combined treatment with CD and ET-1 (CD ϩ ET-1) and with filipin and ET-1 stimulated eNOS activity; however, pretreatment with endotoxin (LPS) abrogated these effects. Following LPS pretreatment, CD ϩ ET-1 failed to stimulate eNOS activity (ϩ51%, P Ͼ 0.05), which contributed to the reduced levels of eNOS-Ser1177 phosphorylation and eNOS-Thr495 dephosphorylation, the LPS/CD-induced overexpression and translocation of Cav-1 in the perinuclear region, and the increased perinuclear colocalization of eNOS with Cav-1. These results supported the hypothesis that Cav-1 mediates the action of endotoxin in suppressing ET-1-mediated eNOS activation and demonstrated that the manipulation of caveolae produces significant effects on ET-1-mediated eNOS activity in LSECs. lipopolysaccharide SEPTIC SHOCK IS A CRITICAL systemic inflammatory process caused by decreased tissue perfusion and oxygen delivery as a result of Gram-negative bacterial infection and sepsis. A major component of the outer membrane of Gram-negative bacteria is endotoxin (lipopolysaccharide, LPS). Endotoxemia causes hepatic microcirculatory disturbance, and this impaired hepatic microcirculation leads to areas of focal ischemia and subsequently causes hepatocellular damage (14). The major reason for this hepatic microcirculatory failure during endotoxemia is the imbalanced production of vasoactive substances (vasoconstrictors and vasodilators) from the parenchymal and nonparenchymal cells of the liver. This regional imbalance in the production of vasoactive factors causes heterogeneity of perfusion in the liver (23), leading to focal ischemia.
lipopolysaccharide SEPTIC SHOCK IS A CRITICAL systemic inflammatory process caused by decreased tissue perfusion and oxygen delivery as a result of Gram-negative bacterial infection and sepsis. A major component of the outer membrane of Gram-negative bacteria is endotoxin (lipopolysaccharide, LPS). Endotoxemia causes hepatic microcirculatory disturbance, and this impaired hepatic microcirculation leads to areas of focal ischemia and subsequently causes hepatocellular damage (14) . The major reason for this hepatic microcirculatory failure during endotoxemia is the imbalanced production of vasoactive substances (vasoconstrictors and vasodilators) from the parenchymal and nonparenchymal cells of the liver. This regional imbalance in the production of vasoactive factors causes heterogeneity of perfusion in the liver (23) , leading to focal ischemia.
Sinusoidal perfusion is maintained by a multitude of vasoactive substances. Upstream resistance vessels in the splanchnic viscera control blood flow in the liver; in addition, regional regulation of the hepatic sinusoids by vasoactive factors further adjusts blood flow in the liver (6, 7, 9, 14) . Two of the most potent vasoactive substances in the liver are endothelin-1 (ET-1) that primarily induces vasoconstriction and nitric oxide (NO) that causes vasodilatation in the hepatic sinusoids. The balance of the vasoactive effects between ET-1 and NO is crucial to maintain a normal hepatic microcirculation. In the liver, ET-1 is predominantly produced by liver sinusoidal endothelial cells (LSECs) (39) . Although the net effect is vasoconstriction when ET-1 binds to endothelin-A (ET A ) receptors on hepatic stellate cells or vascular smooth muscle cells, ET-1 binding to endothelin-B (ET B ) receptors on LSECs causes vasodilatation by mediating endothelial nitric oxide synthase (eNOS) activation. LSECs represent an excellent model for ET-1/eNOS signaling because these cells express only ET B receptors (20) .
Inflammatory and oxidative stress conditions sensitize the hepatic sinusoids to become hyperresponsive to the vasoconstrictive effects of ET-1 that ultimately lead to intrahepatic portal hypertension and liver injury (2, 4, 5, 8, 24, 37) . The degree of dysregulation of the liver microcirculation is correlated with the severity of the stress conditions (25, 26) . Recent studies demonstrate that the cause of the increased constrictor response is the disruption of the signaling pathways that couple between ET B receptor and eNOS. However, the molecular mechanism underlying this stress-induced eNOS dysfunction in the liver is not well understood.
One key signaling molecule that may mediate the stressinduced disruption of ET-1/eNOS signaling pathway is caveolin-1 (Cav-1). Cav-1 interacts eNOS to inhibit its activity ostensibly via inhibition of calmodulin binding. Using LPS as a stress model, we previously demonstrated that endotoxin inhibited ET-1-mediated eNOS activation by 1) increasing Cav-1 protein expression, 2) enhancing eNOS/Cav-1 association, 3) abolishing the ET-1-mediated eNOS translocation to the plasma membrane, 4) reducing the stimulatory phosphorylation of eNOS at Serine-1177 residue (eNOS-Ser1177), while 5) increasing the inhibitory phosphorylation of eNOS at Threonine-495 residue (eNOS-Thr495) in LSECs (22, 31) . These observations suggested that Cav-1 mediates the effect of endotoxin in the suppression of ET-1-mediated eNOS activation. In this study, we investigated the molecular mechanism of Cav-1 in the regulation of ET-1/eNOS signaling in LSECs after LPS pretreatment by manipulation of the caveolae domains using a pharmacological approach with methyl-␤-cyclodextrin (CD) and filipin.
MATERIALS AND METHODS
Materials. ET-1 was obtained from American Peptide (Palo Alto, CA). CD and LPS (Escherichia coli O26:B6) were acquired from Sigma-Aldrich (St. Louis, MO). Filipin was purchased from Cayman Chemical (Ann Arbor, MI). Polyclonal antibodies for phosphorylated forms of eNOS-Ser1177 and eNOS-Thr495 were purchased from Cell Signaling Technology (Beverly, MA). Mouse eNOS antibody was acquired from BD Transduction Laboratories (San Diego, CA). Rabbit Cav-1 antibody was purchased from Sigma-Aldrich. Live/Dead viability assay was purchased from Molecular Probes (Eugene, OR). All other chemicals and regents used in the described experiments were purchased from Sigma-Aldrich, unless otherwise specified.
Animals. Male Sprague-Dawley rats (Charles River Laboratories, Fayetteville, NC) weighing 250 -450 g were housed in a temperaturecontrolled animal facility with alternating 12-h:12-h light/dark cycles and were fed standard laboratory chow with free access to water.
Hepatic sinusoidal endothelial cell isolation. All studies were performed under a protocol approved by the Institutional Animal Care and Use Committee of the University of North Carolina at Charlotte and adhere to the Guide for the Care and Use of Laboratory Animals (NIH publication 86-23, revised 1985). LSECs were isolated using a protocol as previously described (22) . Each of the wells on a 12-well plate was precoated with type-VI collagen and was then loaded with 8 ϫ 10 6 freshly isolated LSECs. After overnight incubation, LSECs (100% confluent) were either treated with culture media or with 100 ng/ml LPS dissolved in the culture media for 6 h.
Cell treatments. The isolated LSECs were pretreated in either cell media or 100 ng/ml LPS for 5 h and then with either a vehicle, 5 mM CD, or 0.25 g/ml filipin for 30 min. The cells were then treated with either a vehicle or 10 nM ET-1 for another 30 min.
Live/dead cell viability assay. After the cell treatments, LSECs were washed twice with PBS and were then incubated with 2 M calcein AM (CalAM) and 4 M ethidium homodimer-1 (EthD-1). Cells treated with 70% methanol were used as a positive control for dead cells. After 30-min incubation, the cells were examined under a Fluoview confocal laser scanning microscope (Olympus), which allowed a concurrent view of live cells from CalAM at excitation/ emission wavelength of 495 nm/515 nm (green) and dead cells from EthD-1 at 495 nm/635 nm (red). The percentage of viable cells was calculated after manually counting the number of live and dead cells.
Caspase assay. Caspase-Glo 3/7 Assay was acquired from Promega (Madison, WI) for evaluating live cells that are undergoing apoptosis. Experimental procedure was designed according to the manufacturer's instructions. Briefly, a Caspase-Glo 3/7 substrate (Ac-DEVD-pNA) and a Caspase-Glo 3/7 buffer solution were mixed for the preparation of a Caspase-Glo 3/7 reagent. Following cell treatments, a cell lysate solution is collected. Equal volume (100 l) of the Caspase-Glo 3/7 reagent was added to the cell lysate solution (total final volume of 200 l) on a 96-well plate. The samples were incubated at room temperature for 1 h to allow a caspase reaction to occur. Following caspase cleavage of the Caspase-Glo 3/7 substrate, a luciferase substrate is released in this assay. The luminescence of each sample was measured at 485/527 nm in an uQuant microplate spectrophotometer with KCjunior software (Bio-Tek Instruments, Winooski, VT).
eNOS activity assay. Rate of NO production was evaluated by eNOS activity assay as previously described (22) . Briefly, 1 Ci/l [ 3 H]-L-arginine was added after the cell treatments. After 2 min, either a vehicle or 10 nM ET-1 was added for 30 min. The LSECs were then washed twice with arginine-free HEPES media on ice, and the reaction was terminated by ice-cold PBS. The cells were lysed, and cell lysates were then collected. Following a centrifugation at 10,000 g for 5 min, samples were run through glass columns filled with a cation exchange chromatography resin (Bio-Rad, Hercules, CA) that was previously equilibrated with a stop buffer. The flow through of each sample was collected in a glass vial, and a scintillation cocktail fluid (Fisher Scientific, Pittsburgh, PA) was then added. Radioactivity of each sample was quantified in a liquid scintillation counter (BeckmanCoulter, Fullerton, CA). Negative control cells were treated with an arginine-free HEPES media containing 10 M N G -nitro-L-arginine methyl ester (L-NAME) and 10 mM EGTA, from which background radiation was evaluated. To convert radioactivity (disintegration/min; dpm) into the actual rate of NO production in each well, we designed this equation: eNOS activity ϭ (x dpm/well) (1 Ci/2.2 ϫ 10 12 dpm) (1 mmol/53.4 Ci) (1 mol/1,000 mmol) (10 15 fmol/1 mol) (1/30 min), where x is the measured radioactivity data in dpm.
Protein extraction and Western blots. After the cell treatments, the LSECs (8 ϫ 10 6 cells per sample) were rinsed twice with PBS and were lysed with a lysis master-mix. Cell lysates were collected and were centrifuged at 15,800 g for 10 min to remove insoluble fractions. Protein concentration of each sample was determined by Micro BCA protein assay kit (Pierce Biotechnology, Rockford, IL), and the volume of protein loading in Western blot was adjusted accordingly. Five micrograms of each protein sample were mixed with Laemmli loading buffer (Bio-Rad) and were then boiled for 7 min at 100°C. Standard Western blotting procedures were then followed as previously described (22) .
Confocal fluorescence microscopy. After the cell treatments, the LSECs (1 ϫ 10 6 cells per well) were rinsed twice with PBS, fixed with 2% paraformaldehyde for 10 min, permeabilized with 0.1% Triton X-100 for 2 min, and were then blocked with 5% BSA (dissolved in PBS) for 60 min at room temperature. The LSECs were incubated overnight with rabbit Cav-1 (1:50) and mouse eNOS (1:50) primary antibodies in the 5% BSA at 4°C. The cells were then incubated in goat anti-rabbit Texas red-conjugated (1:500) and goat anti-mouse FITC-conjugated (1:250) secondary antibodies at 37°C for 1 h. Cell nuclei were stained with 2.5 g/ml 4Ј,6-diamidino-2-phenylindole (DAPI) for 5 min at room temperature. Confocal images were acquired with the Fluoview confocal laser scanning microscope (Olympus).
Visualization of NO with DAF-2 DA. After the pretreatments with LPS, CD, or filipin, 5 M 4,5-diaminofluorescein diacetate (DAF-2 DA) was added. The LSECs were then treated with either a vehicle or 10 nM ET-1 for 30 min. DAF-2 DA penetrates cell membrane and is hydrolyzed by intracellular esterase to membrane impermeable 4,5-diaminofluorescein (DAF-2), which then reacts with NO to form a fluorescent triazolofluorescein (DAF-2T). After the incubation, the cells were rinsed twice with PBS and fixed with 2% paraformaldehyde for 10 min. Cell nuclei were stained with 2.5 g/ml DAPI for 5 min at room temperature. Confocal images were acquired at excitation/ emission wavelengths of 495/515 nm with the Fluoview confocal laser scanning microscope (Olympus).
Statistical analysis. Data are presented as means Ϯ SE. Statistical differences between the media control and treatment groups were determined using one-way ANOVA followed by post hoc Dunnett's test. Statistical significance was set at P Ͻ 0.05. All statistical significances were calculated with Sigma Stat (version 2.03; SPSS, Chicago, IL).
RESULTS

Effect of CD on eNOS activity.
To determine whether disruption of caveolae minimizes Cav-1 inhibition of eNOS activity, we treated primary LSECs isolated from rats with CD, a cholesterol-binding agent that disrupts caveolae. In control media, LSECs produced 0.16 Ϯ 0.05 fmol of NO per minute, per well (fmol ⅐min Ϫ1 ⅐well Ϫ1 ). Dose response and time course experiments showed that the treatment of LSECs with 5 mM CD for 30 min produced an optimal increase in basal eNOS activity to 0.57 Ϯ 0.13 fmol ⅐min Ϫ1 ⅐well Ϫ1 (Fig. 1, A and B) . Treatment with 10 mM CD for 30 min produced a similar response (Fig. 1B) ; however, eNOS activity was unchanged after incubating with 20 mM CD (Fig. 1B) , which appeared to be the consequence of cytotoxicity (Fig. 1C) . Cell viability studies showed that more than 95% of LSECs were viable after incubating in control media, 5 mM CD, or 10 mM CD; however, less than 70% of the cells remained viable after treating with 20 mM CD for 30 min (Fig. 1C) . The observed increase in basal eNOS activity after caveolae disruption was not the result of Cav-1 degradation because treatment with 5 mM or 10 mM CD for 30 min did not alter Cav-1 protein expressions in LSECs (Fig. 1D) .
Effects of CD on ET-1-mediated eNOS activity and NO production. ET-1 induces eNOS activation, whereas endotoxin inhibits this ET-1-mediated eNOS response by increasing Cav-1 protein levels and by stimulating Cav-1 and eNOS interaction (22) . We hypothesized that CD disrupts the caveolae and interferes with the interaction between Cav-1 and eNOS, which may affect the LPS suppression of ET-1-mediated eNOS activity. Results showed that treatment with CD or ET-1 alone for 30 min increased eNOS activity; furthermore, treatment with both CD and ET-1 (CD ϩ ET-1) produced a response similar to either of these treatments alone ( Fig. 2A) . In the presence of LPS, neither CD nor ET-1 treatment induced eNOS activity ( Fig. 2A) . The combined treatment with both CD and ET-1 also failed to stimulate eNOS activity after the LPS pretreatment ( Fig. 2A) . Examination of NO production using the DAF-2 DA fluorescence technique confirmed the eNOS activity data (Fig. 2B) . Treatment with CD induced NO production in the perinuclear region (Fig. 2B, arrow N) . The addition of ET-1 stimulated NO production in the plasma membrane (Fig. 2B, arrow M) . LPS pretreatment inhibited NO production in LSECs, even with the addition of CD and ET-1 (Fig. 2B) .
Effect of CD and LPS on the subcellular localization and interaction of Cav-1 and eNOS. To examine whether caveolae disruption increased eNOS activity by interfering with the Cav-1 and eNOS interactions in LSECs, we evaluated the subcellular localization of Cav-1 and eNOS after the cell treatments. In control media, Cav-1 was localized on the plasma membrane (arrow M) and in the perinuclear region (arrow N) while eNOS was dispersedly distributed throughout the cytoplasm (Fig. 2C, 1) . Treatment with CD stimulated the translocation of both Cav-1 and eNOS to the perinuclear region (Fig. 2C, 2, arrows N) . ET-1 treatment had no effect on Cav-1 subcellular localization; however, it induced eNOS translocation to the plasma membrane (Fig. 2C, 3) . The combined treatment with CD and ET-1 (CD ϩ ET-1) also induced the perinuclear colocalization of Cav-1 and eNOS (Fig. 2C, 4) .
LPS increased (qualitatively) the expression of Cav-1 (Fig.  2C, 5) . eNOS primarily showed perinuclear localizations following the endotoxin treatment (Fig. 2C, 5) . Together with the effect of LPS on Cav-1 overexpression, CD induced an overwhelming amount (qualitatively) of Cav-1 in the perinuclear region (Fig. 2C, 6 ). CD remained effective in stimulating the subcellular localization of eNOS following the LPS pretreat- ment (Fig. 2C, 6 ). ET-1 treatment had no effect on Cav-1 localization and failed to induce eNOS translocation to the plasma membrane in the presence of LPS (Fig. 2C, 7) . Following the LPS pretreatment, CD ϩ ET-1 also failed to induce eNOS translocation to the plasma membrane after LPS pretreatment; however, the treatment was effective in stimulating the localization of a large amount of Cav-1 in the perinuclear region (Fig. 2C, 8) . 
Effect of caveolae disruption on eNOS phosphorylation.
Activation state of eNOS is regulated and determined by the phosphorylation sites of eNOS. For instance, ET-1 induces eNOS activation by stimulating eNOS-Ser1177 phosphorylation (29) ; on the other hand, phosphorylation of eNOS-Thr495 residue is inhibitory to eNOS activity (17) . To investigate the molecular mechanism of CD-induced and LPS-suppressed eNOS activation in primary LSECs, we evaluated eNOS phosphorylation after caveolae disruption with CD. Treatment with CD increased eNOS-Thr495 dephosphorylation (Fig. 3A) but had no effect on eNOS-Ser1177 phosphorylation (Fig. 3B) . ET-1 stimulated eNOS-Ser1177 phosphorylation (Fig. 3B ) but did not exert any effect on eNOS-Thr495 residue (Fig. 3B) . CD ϩ ET-1 increased eNOS-Thr495 dephosphorylation and eNOS-Ser1177 phosphorylation (Fig. 3, A and B) . Treatment with CD, ET-1, or both had no effect on the expressions of ␤-actin (data not shown) and eNOS (Fig. 3C) . These data suggested that caveolae disruption and ET-1 increased eNOS activity through two distinct mechanisms, CD by eNOS deinhibition through a reduction in eNOS-Thr495 phosphorylation and ET-1 by direct eNOS activation through an induction of eNOS-Ser1177 phosphorylation.
LPS inhibits ET-1-mediated eNOS activation by inhibiting eNOS-Ser1177 phosphorylation and stimulating eNOS-Thr495 phosphorylation (22) . To better understand why CD failed to reverse the inhibitory effect of LPS on ET-1-mediated eNOS activation, we also evaluated the phosphorylation of eNOS after the cell treatments. Treatment with CD or ET-1 alone following the LPS pretreatment had no effect on eNOS-Thr495 and eNOS-Ser1177 phosphorylations (Fig. 3, D and E) . In contrast, the combined treatment with CD and ET-1 following the LPS pretreatment significantly reduced eNOS-Thr495 phosphorylation (Fig. 3D) ; however, this treatment failed to induce eNOS-Ser1177 phosphorylation (Fig. 3E) . These treatments also produced no significant changes on the expressions of ␤-actin (data not shown) and eNOS (Fig. 3F) . These data suggested that caveolae disruption stimulated eNOS deinhibition through a decrease in eNOS-Thr495 phosphorylation; however, the combined treatment with CD and ET-1 failed to rescue eNOS activity since ET-1 was ineffective in inducing eNOS-Ser1177 phosphorylation following the LPS pretreatment.
Effect of cholesterol readdition in saturating CD. CD specifically binds cholesterol to disrupt the caveolae and the Cav-1/eNOS interaction to increase eNOS activity. If the reduction in caveolae-associated cholesterol was indeed responsible for the decrease in Cav-1 and eNOS molecular interactions and for the increase in eNOS activity, then readding cholesterol should maintain caveolae integrity and restore the Cav-1 inhibition of eNOS. To test this hypothesis, we added cholesterol to the 5 mM CD solution (Chol-CD) and measured eNOS activity. Adding 0.1 mM or 0.25 mM cholesterol to the CD solution was ineffective in abolishing the CD-induced eNOS activity; however, the reduction became significant when 0.5 mM cholesterol was added to the CD solution (Fig. 4A) . Treatment with 1 mM Chol-CD decreased cell viability (Fig. 4C) , which explained the dramatic decrease in eNOS activity (Fig. 4A) . Evaluation of NO production using a DAF-2 DA fluorescence technique was consistent with these results (Fig. 4B) .
Effect of filipin on eNOS activity. Apart from using CD as a cholesterol sequester, we also investigated whether the same affect could be obtained with an alternative pharmacologic agent, filipin. This set of experiments is significant because CD may be nonspecific. Dose response experiment showed that the treatment of LSECs with 0.2 g/ml filipin for 30 min produced an optimal increase in basal eNOS activity from 0.30 Ϯ 0.09 fmol ⅐ min Ϫ1 ⅐ well Ϫ1 in the control to 1.28 Ϯ 0.03 fmol ⅐ min Ϫ1 ⅐ well Ϫ1 (Fig. 5A) . Treatment with 0.25 g/ml filipin for 30 min produced a similar effect (Fig. 5A) . However, eNOS activity was unaffected after treating the cells with 0.5, 1, and 5 g/ml filipin (Fig. 5A) , which appeared to be the result of an increasing level of cytotoxicity (Fig. 5B) . Although 0.5 g/ml filipin did not decrease LSEC viability in Fig. 5B , a caspase assay showed that the dosage induced Caspase 3/7 activity indicating the LSECs were undergoing apoptosis (data not shown). At 5 and 10 g/ml filipin, none of the cells was viable (Fig. 5B) .
Effects of filipin on ET-1-mediated eNOS activity. To investigate whether filipin can reverse the LPS inhibition of ET-1- Fig. 4 . eNOS activity and NO production after treating cells with cholesterol-saturated CD. LSECs were treated with vehicle, 0 mM, 0.1 mM, 0.25 mM, 0.5 mM, or 1 mM cholesterol, dissolved in 5 mM CD for 30 min. eNOS activity (A), NO production (B), and cell viability (C) were evaluated (n ϭ 5). mediated eNOS activity, we pretreated either the cell media or LSECs with 100 ng/ml for 6 h and then with 0.2 g/ml filipin for 30 min, before the treatment of either a vehicle or 10 nM ET-1 for 30 min. Results showed that treatment with filipin or ET-1 alone for 30 min increased eNOS activity (Fig. 5C ). In addition, the combined treatment with both filipin and ET-1 (F ϩ ET-1) produced a similar effect (Fig. 5C) . Following LPS pretreatment, neither the treatment of filipin nor ET-1 induced eNOS activity (Fig. 5C) . Also, the combined treatment with both filipin and ET-1 failed to stimulate eNOS activity after LPS pretreatment (Fig. 5C) . These results were consistent with the observations in LSECs treated with CD and suggested that the reported effects on eNOS activation were specific following the disruption of the caveolae with these pharmacological reagents.
DISCUSSION
In this study, we hypothesized that Cav-1 mediates the molecular action of LPS to disrupt the ET-1/eNOS signaling in LSECs. In the liver, nonparenchymal cells express higher level of Cav-1 proteins than hepatocytes, and, among these cells, LSECs have the highest level of Cav-1 expression (41). Cav-1 binds to many signaling molecules including G protein ␣-subunits, G protein-coupled receptor kinase, H-Ras, and PI3K and modulates their intracellular activities (27) . In addition, Cav-1 binds to and inhibits eNOS activity (21) . Using endotoxin as a stress model, we previously demonstrated that LPS increases Cav-1 protein expression and facilitates the interaction between eNOS and Cav-1 (22). Sessa et al. (12) also used a Cav-1 peptide transfection model and showed that the overexpression of Cav-1 attenuated ACh-mediated NO production (12) .
To test our hypothesis, we disrupted the components of the caveolae using a pharmacological approach with both CD and filipin. The use of CD and filipin to manipulate cholesterolcontaining domains is accepted in a wide range of fields. For instance, CD is effective in removing low-density lipoproteinderived cholesterol from the plasma membrane and prevents the internalization of cholesterol to the endoplasmic reticulum (ER) for esterification (33) . CD extracts more than 50% of the membrane cholesterol (38) , and the extracted cholesterol leaves the cells, as demonstrated by a [ 3 H]-cholesterol technique that measures cholesterol efflux (32) .
A number of studies have addressed the effect of caveolae disruption on eNOS activity, but the results varied and were somewhat contradictory in different cell types. For instance, CD increases NO production in bovine aortic endothelial cells (BAECs) (3), human umbilical vein endothelial cells (HUVECs) (34) , and cardiac myocytes (36) , but it lowers NO production in cerebral blood vessels (42) , islet ␤-cells (43), rat lung microvascular endothelial cells (30) , and bovine pulmonary artery endothelial cells (44) . In addition, the effects of caveolae disruption on a number of agonist-mediated eNOS activations were reported, but the results were dependent on the agonists used in those experiments. For example, CD reduces the ET-1-mediated contractile response in endothelium-denuded caudal artery (10) . In contrast, although CD impairs ACh-induced relaxation in BAECs, it neither affects the contractile response to phenylephrine, nor the relaxant response to calcium ionophore A23187 or NO donor sodium nitroprusside in these cells (16) . In this study, we showed that the caveolae disruption with either CD or filipin specifically induces basal eNOS activity without affecting Cav-1 protein expression, and the ET-1-mediated eNOS activation remained effective after CD treatment in LSECs. These results suggest the complicated role of caveolae in the regulation of eNOS activity. (n ϭ 3) . B: to determine whether the failure of eNOS stimulation after the treatment with 0.5, 1, and 5 g/ml filipin was attributable to cytotoxicity, we evaluated cell viability after treating the cells at these concentrations for 30 min. *P Ͻ 0.05 vs. vehicle (n ϭ 5). C: effect of filipin (F) on ET-1-mediated eNOS activity. *P Ͻ 0.05 vs. vehicle (n ϭ 5). Statistical significance was evaluated by one-way ANOVA with post hoc Dunnett's test to compare with the vehicle. eNOS is inactive when it associates with Cav-1 in the caveolae (21) ; in contrast, binding of eNOS to calcium/calmodulin (40), Hsp90 (19) , and dynamin-2 (13) in the caveolae increases eNOS activity.
Our confocal images of LSECs are consistent with previous findings that cholesterol depletion causes the redistribution of Cav-1 and eNOS to the perinuclear region. Cav-1 is expressed on the plasma membrane and in the trans-Golgi in untreated LSECs (35) . When porcine pulmonary artery endothelial cells are treated with CD, Cav-1 and eNOS translocate from a subcellular caveolae membrane fraction to the intracellular membrane fraction (11); however, the exact locations of Cav-1 and eNOS were unknown in this study because the isolated intracellular membrane fraction contains ER, Golgi, mitochondria, and many other intracellular organelles (11) . Treatment with CD also induced the disappearance of Cav-1 and eNOS from the plasma membrane and their redistribution to the perinuclear region in HUVECs (34) .
Examination of eNOS localization represents an invaluable tool in determining the molecular mechanisms that activate eNOS. Specifically, the binding of eNOS to calcium/calmodulin, Hsp90, and dynamin-2 is predominant in the caveolae; in contrast, Akt-mediated eNOS activation is most pronounced at the cis-Golgi (18) . The confocal images of Cav-1/eNOS as well as the DAF-2 DA images in this report suggest that CD and ET-1 stimulated eNOS activity via distinct mechanisms. On the one hand, CD-mediated redistribution of eNOS to Golgi indicates that the CD-induced eNOS activation is mediated through the molecular action of Akt. On the other hand, ET-1 stimulated the translocation of eNOS to the plasma membrane, suggesting that ET-1 increased eNOS activity by inducing eNOS binding to calcium/calmodulin and Hsp90. In addition, although CD results in movement of both Cav-1 and eNOS to the Golgi, it should be specified that CD stimulates the redistribution of Cav-1 to the trans-Golgi and eNOS to the cisGolgi; therefore, the probability of Cav-1/eNOS interaction is minimized.
The molecular mechanisms and effects of eNOS phosphorylation are complex. Phosphorylation of eNOS-Thr495 negatively regulates eNOS activity, and phosphorylation of eNOSSer1177 residue has the opposite effect. The phosphorylation of eNOS-Ser1177 in LSECs is mediated through the molecular action of Akt (29) . However, the exact molecular mechanism of eNOS-Thr495 dephosphorylation in LSECs is yet to be determined. It is known that three classes of serine/threonine protein phosphatases (PP1, PP2A, PP2B/calcineurin) are involved in the regulation of eNOS dephosphorylation. However, because only PP1 and PP2B/calcineurin have been shown to mediate the dephosphorylation of eNOS-Thr495 (17) and only PP1 and PP2A were found to interact with the Cav-1 scaffolding domain (28), we speculated that PP1 mediated the molecular effect of CD in the dephosphorylation of eNOS-Thr495 residue.
Only a very limited number of studies have examined the effects of caveolae disruption on endotoxin-induced signaling. In particular, Uekama et al. (1) investigated the potential use of CD and its derivatives in inhibiting LPS-induced signaling in macrophages, and Cuschieri et al. (22) examined the effect of CD on LPS-modulated MAPK activation in human promonocytic THP-1 cells. Consistent with our previous results of Cav-1 overexpression (22), our confocal images showed qualitatively that LPS increased the fluorescence intensity of Cav-1, and the combined CD/ET-1 treatment induced an excessive amount of Cav-1 to the perinuclear region relative to eNOS after addition of endotoxin. The increased Cav-1/eNOS colocalization in Golgi might partially explain why the CD/ ET-1 combined treatment was insufficient to reverse the LPS suppression on NO production. Furthermore, the fact that the CD/ET-1 combined treatment did not completely restore LPSattenuated eNOS activity suggests that additional signaling mechanisms may be involved in the regulation of endotoxin inhibition on ET-1-mediated eNOS activation.
In this study, we hypothesized that Cav-1 mediates the molecular action of LPS in disrupting the ET-1-mediated eNOS activation in LSECs. We tested this hypothesis using CD to manipulate the components of caveolae, and we found that the combined treatment with CD/ET-1 induced the redistribution of Cav-1 and eNOS to the perinuclear region and stimulated eNOS-Ser1177 phosphorylation as well as eNOSThr495 dephosphorylation to increase eNOS activity. We also demonstrated that endotoxin induced Cav-1 expression, and the combined treatment with CD/ET-1 failed to reverse the LPS suppression of eNOS activity. This study suggests, for the first time, that CD and ET-1 activate NO production through distinct molecular mechanisms (Fig. 6) . Moreover, Cav-1 appears to be functionally important in mediating suppression of ET-1-induced eNOS activation in endotoxemia.
